While recent reports demonstrate that the direct emission of methane from living tree trunks may be a significant terrestrial emission source, there has been debate whether tree emissions are due to transport from soils or produced in the wood environment itself. Reports of methanogens from wood of trees were prominent in the literature 40 years ago but have not been revisited with molecular ecology approaches.
Introduction
Methane is an impactful greenhouse gas accounting for 20% of radiative forcing since 1750 (Saunois et al., 2016) . Modeling approaches incorporating biogenic, thermogenic, and pyrogenic methane emissions have been unable to accurately quantify global methane budgets (Saunois et al., 2016) . Recently, several reports from diverse forest types and tree species have demonstrated that the direct emission from living tree trunks may be a significant source of terrestrial methane emissions (Covey et al., 2012; Pangala et al., 2014 Pangala et al., , 2015 Machacova et al., 2016; Wang et al., 2016; Pitz & Megonigal, 2017; Warner et al., 2017; Maier et al., 2018; Pitz et al., 2018) . In some cases, the magnitude of this source may be equal to or greater than the methane sink in upland forest soils (Covey et al., 2012; Pitz & Megonigal, 2017) and potentially account for the gap in tropical forest methane budgets (Pangala et al., 2017) . Despite this, evidence is mixed as to whether methane is produced within trees or whether trees (Covey et al., 2012; Wang et al., 2016) just act as conduits for methane gas produced and transported from the subsurface (Pangala et al., 2013 (Pangala et al., , 2017 . Indeed, both mechanisms may be important depending on tree species (e.g. those containing dry and dense vs wet and porous wood) and ecosystem under study (e.g. wetland vs upland forest soils).
Microbiological investigations of living wood have been conducted in the past (Zeikus & Ward, 1974; Zeikus & Henning, 1975; Ward & Zeikus, 1980; Schink et al., 1981a Schink et al., ,b, 1982 , but these studies primarily focused on ex situ wood incubations and the isolation of microbial representatives, rather than overall community characterization across tree conditions. For example, Zeikus & Ward (1974) demonstrated that methane production occurred from extracted wood tissue from Populus deltoides and were able to isolate pure cultures of a new species, Methanobacterium arborphilicum (Zeikus & Henning, 1975) , later reclassified as Methanobrevibacter arboriphilus (Balch et al., 1979) . Methanobrevibacter arboriphilus has become a well-studied model organism due to its' tolerance and growth in the presence of low levels of oxygen through detoxification by a F 420 H 2 oxidase (Kiener & Leisinger, 1983; Seedorf et al., 2004 Seedorf et al., , 2007 Tholen et al., 2007) . To our knowledge, this isolate remains the only cultured representative of wood inhabiting methanogens. Other wood associated microbial groups that have been isolated include Clostridium, Bacteroides, Klebsiella, Erwinia, Herbaspirillum, Acinetobacter, Enterobacter and Burkholdaria, many of which have been isolated from woody tissues; and may be anaerobic, fermentative, carry out acetylene reduction, or contain nitrogenase genes for nitrogen fixation (Schink et al., 1981a (Schink et al., ,b, 1982 Warshaw et al., 1985; Streichan & Schink, 1986; Doty et al., 2005 Doty et al., , 2009 Xin et al., 2009) .
Our study goal was to identify the bacterial and archaeal microbiome associated with the wood of mature, living, Eastern Cottonwood (Populus deltoides) trees and test for relationships between microbial community composition, assessed using molecular ecology tools, and tree/wood properties. Based upon past work and our own informal observations of odors associated with tree coring at these sites indicative of fermentative environments, we hypothesized that an anaerobic community including methanogenic archaea would dominate woody tissue, particularly in heartwood tissue which is often water-soaked. We hypothesized that tree diameter, wood pH, and wood moisture content would correlate with microbiome composition and methanogen abundance, as these could influence anaerobic conditions and microbial growth in the woody tissue environment.
Materials and Methods
Populus wood tissue sampling and analysis Wood samples were collected from Populus deltoides at four study locations along the Caney Fork River in East Tennessee (Table 1) . The characteristics of these sites were reported in previous studies (Gottel et al., 2011; Shakya et al., 2013) and the subset of sites studied here included some of the same trees. A random selection of 13 living trees (n = 3 per site, except site 1 which had n = 4) at least 35 cm diameter at breast height (DBH), were sampled on June 29, 2016. Sampled trees were randomly selected from living trees with no signs of butt rot, hollowing, or other damage. Two cores were taken for each tree at perpendicular angles and cored into the pith at c. 1 m in height and used as sub-replicates throughout the study. The increment borer was sanitized with ethanol between samples. Each core was split into sapwood and heartwood based on depth and coloration and stored in separate 15 ml conical tubes. Sapwood was typically c. 12 cm in depth not including bark, the remainder of the core being heartwood. Samples were kept on ice until returning to the laboratory where they were stored at À80°C. After extraction of each core from the increment borer, a lighter was used to spot check for the presence of flammable gasses ( Fig. 1 ; Supporting Information Videos S1-S4). A subsample of roughly chopped wood was used for moisture content determination by drying at 70°C to a constant mass. Dried samples were weighed and ground to a fine powder for pH determination. Approximately 150 ll of wood powder was mixed with 1.2 ml of sterile water and incubated on a plate shaker (600 rpm) for 1 h. Samples were centrifuged at 13 000 g for 2 min and the supernatant was measured for pH. Due to limited material, wood pH was only measured for heartwood tissues, whereas moisture content was measured for both tissue types.
DNA extraction and Illumina MiSeq sequencing
Heartwood and sapwood subsamples were finely minced (< 2 mm). DNA was extracted from replicate cores (n = 2 per tree) using the MoBio PowerPlant kit (MoBio, Carlsbad, CA, USA), with the following modifications. The supplied beads were replaced with a single 6.35 mm steel ball bearing added to each tube with 50 mg of minced tissue. Tubes were then frozen in liquid nitrogen and the material ground at 30 Hz for 60 s in a Restch MM400. Freezing and grinding were repeated for two additional cycles. Six technical replicates of each sample were extracted and then combined to increase DNA yields. To remove PCR inhibitors, DNA samples were further processed using the MoBio PowerClean kit as described by the manufacturer. DNA was quantified in a Nanodrop 1000 spectrophotometer (Wilmington, DE, USA) and confirmed by Qubit 2.0 fluorometry (Invitrogen, Carlsbad, CA, USA). We used a two-step PCR approach for 16S rRNA gene amplification and DNA sequencing developed previously (Lundberg et al., 2013) with several modifications to included primers and procedures as described previously (Cregger et al., 2018) .
Bioinformatics and statistical analysis
Forward and reverse primers and sequencing adapters were removed using the program cutadapt (Martin, 2011) . All additional analyses were done within QIIME (Caporaso et al., 2010) using the quality control parameters and procedures described previously (Cregger et al., 2018) except CHIMERA SLAYER was used for chimeric sequence detection (Haas et al., 2011) . Samples were rarefied to 7900 sequences per sample, which yielded adequate sequencing coverage based on rarefaction curves ( Fig. S1 ) and Good's coverage estimates. The final, rarefied dataset contained 426 600 sequences representing 3597 operational taxonomic units (OTUs). Diversity indices were calculated in QIIME -OTU richness (S obs ), the complement of Simpson's diversity (1 À D), Simpson's evenness (E), and Faith's phylogenetic diversity (PD) on the rarified dataset. The Phylogenetic Investigation of Communities by Reconstruction of Unobserved States (PICRUSt) pipeline was performed (Langille et al., 2013) to predict metagenome functional content from the 16S rRNA gene data. Briefly, data were normalized by copy number, a virtual metagenome of KEGG ortholog abundances was predicted for each sample in the OTU 
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Rapid report New Phytologist metabolism were colored by the abundance of KEGG orthologs using the KEGG Mapper Color Pathway analysis tool. Predicted mcrA gene abundances were then determined for the heartwood and sapwood samples. Two-way analysis of variance (ANOVA) models were used to determine if microbial diversity and dominant bacterial and archaeal phyla (subphyla for Proteobacteria) differed across study locations and tissue type (heartwood vs sapwood). Stepwise multiple regression modeling using an Akaike information criterion (AIC) minimization procedure was used to determine which tree physical measurement correlated most strongly with diversity and dominant phyla/subphyla within heartwood and sapwood tissues. These models were run separately for each tissue type and data from the two sub-replicate cores from each tree averaged before analyses. Both Bray-Curtis and Unifrac dissimilarity (weighted, unweighted (Lozupone et al., 2006) ) were calculated via QIIME and visualized using principal coordinates analysis (PCoA). Dissimilarity metrics were used as input for adonis analysis, a permutational multivariate analysis of variance (perMANOVA) test (Anderson, 2001) , to detect the amount of variation explained by study location and tissue type for both taxonomic and phylogenetic beta diversity. Lastly, we used SIMPER analysis to determine which OTUs contributed significantly to differences between tissue types. We report only those that are dominant OTUs (≥ 0.1% mean relative abundance across all samples) although a list of all SIMPER detected OTUs are provided (Table S1 ). After testing for equal variance, a Student's t-test was also performed to determine if predicted mcrA abundance differed between sapwood and heartwood samples. Statistical analyses were done in R v.3.3.2 using the VEGAN (Oksanen et al., 2015) and LABDSV (Roberts, 2016) packages. Sequence data are available through the National Center for Biotechnology Information (Bioproject accession PRJNA450753).
Results

Microbial diversity
Taxonomic OTU richness (F 1,25 = 6.79, P = 0.02) and Faith's PD differed significantly between tissue type (F 1,25 = 9.25, P = 0.006) and were greater in sapwood tissue compared to heartwood (Table 1) . Specifically, sapwood had 49% greater number of OTUs (378 AE 53) and 38% greater phylogenetic diversity (20.3 AE 1.9) compared to heartwood tissue (228 AE 14 OTUs; 13.9 AE 0.7 Faith's PD). Study site location did not influence these estimates (P ≥ 0.65). Simpson's diversity and evenness did not differ across study location or tissue type (P ≥ 0.14). Only evenness within heartwood correlated moderately with any tree physical measurement (Full model: Adj. R 2 = 0.30, F 2,10 = 3.52, P = 0.07). Evenness correlated positively with tree DBH in heartwood tissues (T = 2.62, P = 0.03).
Microbial taxon abundances and community composition
The most dominant phyla (> 1% relative abundance) were Firmicutes (39.2%), Euryarcheota (23.9%), Bacteroidetes (9.3%), Actinobacteria (8.8%), Spirochaetes (5.7%), Deltaproteobacteria (4.3%), Alphaproteobacteria (2.3%), Chloroflexi (1.3%), and Acidobacteria (1.1%). The most dominant families included the Methanobacteriaceae (21.8%) in Euryarchaeota, Lachnospiraceae (11.5%), Ruminococcaceae (7.5%), Veillonellaceae (4.9%), Mogibacteriaceae (2.4%), and Peptococcaceae (1.4%) in the Firmicutes, Spirochaetaceae (5.7%) in the Spirochaetes, Bacteroidaceae (3.7%) and Porphyromonadaceae (1.3%) in Bacteroidetes, Cellulomonadaceae (5.8%) in the Acidobacteria, and Desulfovibrionaceae (3.5%) in the Deltaproteobacteria. The mean and standard error are given for all microbial diversity estimates. Operational taxonomic unit (OTU) richness and Faith's phylogenetic diversity (PD) were significantly greater in sapwood tissue compared to heartwood (ANOVA, P ≤ 0.02). a Denotes a diversity metric that differed between tissue type. Fig. 1 An example of flammable gasses being emitted from increment borers inserted in Populus deltoides trees just after sampling (see Supporting Information Videos S1-S4 for other observations).
No dominant phyla differed across study sampling locations (P ≥ 0.10). Four dominant phyla differed between heartwood and sapwood tissues. Euryarcheota was 161% greater in heartwood tissue (34.3 AE 4.5%) compared to sapwood tissue (13.2 AE 4.6%; F 1,25 = 14.1, P = 0.001; Fig. 2 ) primarily due to OTUs in the genus Methanobacterium. In addition, Firmicutes (F 1,25 = 7.50, P = 0.01), Acidobacteria (F 1,25 = 5.62, P = 0.03), and Deltaproteobacteria (F 1,25 = 11.95, P = 0.002) were more abundant in sapwood tissue compared to heartwood. Specifically, Firmicutes was 42% greater (46.1 AE 5.9%), Deltaproteobacteria was 309% greater (6.9 AE 2.0%), and Acidobacteria was 546% greater (2.0 AE 1.0%) in sapwood than heartwood (Firmicutes: 32.6 AE 3.2-%; Acidobacteria: 0.3 AE 0.1%; Deltaproteobacteria: 1.7 AE 0.5%; Fig. S2 ). Although there were many families which contributed to Firmicutes tissue type differences, the anaerobic family Lachnospiraceae and family Veillonellaceae primarily contributed to the greater abundance in sapwood (Fig. S2) . Notably, the genera Sporomusa, Clostridium, and Anaerovorax (the latter two in the Clostridiaceae and Mogibacteriaceae families, respectively) were more abundant in sapwood (Fig. S2) . The sulfate-reducing genus, Desulfovibrio, from the Deltaproteobacteria contributed to an increased abundance in sapwood tissue, whereas no OTUs classified down to family or genus contributed to the Acidobacteria increases in sapwood.
Multiple phylogenetic groups varied in association with tree physical characteristics. In both heartwood (T = À3.54, P = 0.005, Adj. R 2 = 0.49) and sapwood (T = À2.60, P = 0.03, Adj. R 2 = 0.38) tissues, Methanobacteriaceae abundance was negatively correlated with DBH indicating this group was more abundant in Populus deltoides with smaller diameters (Fig. 2b) . Other phyla level groups correlated with different tree characteristics depending on tissue type (Fig. S3 ). Within heartwood tissue, Firmicutes abundance did not correlate with any measurement (P = 0.24), but correlated negatively with moisture content in sapwood (T = À2.67, P = 0.02, Adj. R 2 = 0.39). Bacteroidetes correlated negatively with pH (T = À3.30, P = 0.007, Adj. R 2 = 0.45), but was correlated positively with DBH in sapwood tissue (T = 2.31, P = 0.04, Adj. R 2 = 0.26). Within heartwood tissues only, Chloroflexi correlated positively with pH (T = 2.42, P = 0.04; Adj. R 2 = 0.55). Actinobacteria were correlated negatively with DBH (T = À3.63, P = 0.004, Adj. R 2 = 0.50) whereas Spirochaetes were correlated positively with DBH (T = 3.98, P = 0.003, Adj. R 2 = 0.66). Lastly, Alphaproteobacteria abundance correlated negatively with wood moisture content (T = À3.04, P = 0.01, Adj. R 2 = 0.41).
Similar to microbial group abundance differences, OTU-level community composition also shifted between tissue types. Unweighted and weighted Unifrac distance-based community composition were both influenced by tissue type only (P = 0.001, R 2 ≥ 0.16; Table S2 ). Bray-Curtis distance-based community composition was most influenced by study location (P = 0.01, R 2 = 0.18) and secondarily by tissue type (P = 0.003, R 2 = 0.20; S2). This suggests inclusion of phylogenetic relatedness within communities was an important factor in determining differences between heartwood and sapwood tissues for overall OTU composition (Fig. 3) . Consistent with increased methane production, predicted mcrA abundance from PICRUSt analyses were 2.69 greater in heartwood tissue relative to sapwood tissue (T = 4.62, P < 0.01, Fig. S4 ), along with both methanogenesis and nitrogen transformation pathways in general (Figs S5, S6 ). 
Research
Rapid report
New Phytologist
Discussion
Biogeochemical gas-flux studies increasingly indicate the importance of wood-associated methane emissions, yet there has been a significant gap in the literature describing the microbial ecology of these systems. Our analysis confirms the prevalence of methanogens and other potentially fermentative organisms living in Eastern Cottonwood woody tissue environments. This study thus supports the concept of living trees acting as a methane source and points to the microbiomes within woody tissues as a significant contributor (Covey et al., 2012; Wang et al., 2016 Wang et al., , 2017 Pitz & Megonigal, 2017; Pitz et al., 2018) . Consistent with this conclusion, previous work at our study site found < 1% Euryarchaeota in these surface soil communities (Gottel et al., 2011; Shakya et al., 2013) . Within woody tissues, the most dominant Euryarcheota OTU was classified as Methanobacterium and reached > 40% relative abundance in many samples. OTUs identified as members of the Methanobrevibacter were only identified in three samples reaching a maximum of 0.7% relative abundance before rarefying. Both of these sister genera are members of the Methanobacteriaceae family and isolates that have been tested physiologically are known for their relatively high tolerance of oxygen. However, the Methanobacterium dominance in our study contrasts with the only other known isolatebased work in Populus deltoides (Zeikus & Henning, 1975) , where only Methanobrevibacter were isolated (and thus presumably dominant) rather than Methanobacterium spp. Contrary to our expectation, while OTUs traceable to families known to contain methanotrophs (Knief, 2015) including the Methylobacteriaceae, Methylocystaceae, Beijerinckiaceae (Alpha-Proteobacteria) and the Methylococcaceae (Gamma-Proteobacteria) were present, they were exceedingly rare in both the heartwood and sapwood (0.04% vs 0.1% respectively when these families are totaled together). It is possible that more enriched sublayers may exist in the outermost portions of the sapwood or in the cambium, phloem, or bark that our sampling scheme would not have identified. Contrary to our expectation, overall DBH was inversely correlated with methanogen abundance in our study (Fig. 2) . Wang et al. (2017) found positive correlations between the ratio of heartwood diameter to stem diameter and methane stem concentrations and efflux, but no relationship was reported with overall diameter. We assumed that trees of large diameter would be more likely to limit diffusion of oxygen into the heartwood, thereby favoring anaerobic and methanogenic organisms. Further work using more quantitative assessments of methanogen abundance such as quantitative polymerase chain reaction (QPCR) approaches should be used in the future to investigate these relationships, as the community wide relative abundance measures used here do not exclude absolute increases in overall methanogen population size. In our analysis, neither pH or moisture content added significantly to the relationship with DBH and the relative abundance of known methanogenic taxa in stepwise regressions. Others have found that water content of heartwood tissue was the best predictor of methane flux across multiple plant species (Machacova et al., 2016; Wang et al., 2017) , however this was not a strong predictor of methanogen relative abundance in our analyses. It is possible that within trees characterized by wetwood such as Populus deltoides, other factors may become more important than water content above a certain moisture threshold. DBH was also inversely correlated with heartwood pH, in that larger trees tended to be more acidic (R 2 = 0.47). Although the dominant OTU in our study remains uncharacterized, most Methanobacteria spp. have neutral or slightly (a) (b) (c) Fig. 3 Principal coordinates analysis (PCoA) with (a) unweighted Unifrac distance, (b) weighted Unifrac distance and (c) Bray-Curtis distance for 16S rRNA gene-based communities. Different symbols (S1-S4) represent study locations 1 through 4; gray symbols, Populus deltoides heartwood samples; white symbols, sapwood samples. Populus deltoides tissue type influenced community composition in all case, but the significance of study location varied with distance matrix evaluated (see Supporting Information Table S2 ). (Oren, 2014) , therefore DBH may have merely co-varied with other environmental variables which exerted a more direct influence on methanogenic archaeal abundances. While the trees sampled in our study were mature and represented a fairly large diameter range (range 37.5-144 cm), more extensive studies will be required to understand how well this relationship holds for other tree species, and what direct anatomical features and environmental conditions drive methanogenic community development.
Finally, as these are living systems, the relationship between methane flux and tree features is not likely to be static. Indeed, it was recently demonstrated that methane efflux maxima occurred in diurnal cycles (Pitz & Megonigal, 2017) , suggesting a relationship with tree water use or sap flow conditions. Such dynamic interactions will be interesting to address in future studies that should ideally directly couple measures of tree physiology, gas-flux patterns, and changes in microbial community activity using RNA expression-based approaches. Such approaches would inevitably be of interest for parsing the mechanisms of these interactions, and could be essential for better predictions of methane dynamics in our changing environment.
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Additional Supporting Information may be found online in the Supporting Information section at the end of the article: Video S1 Flammable gasses emitted from tree corer.
Video S2 Fluid and bubbling gasses emitted from tree core hole.
Video S3 Fluid streaming from tree corer after core extraction.
Video S4 Pressure being released from surrounding tree corer.
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